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ABSTRACT 


A 5 i -inch-diameter, electrodeposited nickel, spherical pressure vessel 
was successfully designed, fabricated and tested. The results of this manufac- 
turing process development study have proven the feasibility of fabricating 
seamless pressure vessels by the electrodeposition process. 

The vessel produced was fabricated by depositing nickel on an aluminum 
mandrel in a nickel sulfamate electroforming bath. The aluminum mandrel was 
removed after completion of the electroforming process by chemical etching 
with dilute hydrochloric acid. 

A hydrostatic proof test and helium leak test have shown that the 
vessel meets the following design requirements: 

Operating Pressure 50 psig 

Proof Pressure 70 psig 

Helium Permeability less than 10 -6 std/cc/sec/ft 2 
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TECHNICAL MEMORANDUM X- 53502 


DEVELOPMENT OF AN ELECTRODEPOSITION PROCESS FOR THE 
FABR I CAT I ON OF A SPHER ICAL CRYOGEN 1C FLU ID 
STORAGE CONTAINER 


SUMMARY 


A 51 -inch -diameter, electrodeposited nickel, spherical pressure vessel 
was successfully designed, fabricated and tested. The results of this manufac- 
turing process development study have proven the feasiblity of fabricating 
seamless pressure vessels by the electrodeposition process. 

The vessel produced was fabricated by depositing nickel on an aluminum 
mandrel in a nickel sulfamate electroforming bath. The aluminum mandrel was 
removed after completion of the electroforming process by chemical etching 
with dilute hydrochloric acid. 


A hydrostatic proof test and helium leak test have shown that the vessel 
will operate at a sustained pressure of 50 psig, with a proof pressure of 70 psig 
and helium permeability is less than 10 -6 standard cubic centimeters per square 
foot per second. 


INTRODUCTION 

The purpose of this process development program was to demonstrate the 
feasibility of manufacture of seamless pressure vessels for cryogenic storage. 

The 51 -inch-diameter size was chosen because of availability of forming equip- 
ment for production of the mandrel and its close approximation to expected general 
storage capacity requirements for Saturn type vehicles. A design study was run to 
use in evaluating results of tests both by the contractor and MSFC after delivery 
of the finished article. 

Conventional cryogenic containers are fabricated from austenitic types 
of steel with a face-centered cubic lattice structure. This lattice structure is 
not subject to the brittle transition at cryogenic temperatures noted with 



materials having the body-centered cubic space lattice. Difficulties encountered 
with these vessels usually arise at the joints where end closures are welded or 
where port openings and reinforcements are joined. Development studies with 
composite chambers fabricated from glass fibers and epoxy resins have indi- 
cated that these chambers have high strength-to-weight ratios, but have also 
pointed out extremely serious problems of permeability, (elastomeric liners 
cannot be used at cryogenic temperatures) , and low stiffness of the composite 
matrix. When metallic foil liners are used to prevent permeability, the com- 
posite overwrap must be overdesigned to insure strain compatibility between the 
liner and shell. Otherwise, the cycle fatigue life will be greatly reduced because 
the liner will be strained into the plastic range. 

The electroforming process offers a solution to the problem of welds 
and liners as a continuous joint -free structure can be produced. Changes in 
thickness of the vessel wall can be made to reinforce local high-load areas, 
eliminating the need of extensive machining and welding after the vessel is 
formed. Major problems with the electroformed structure are insuring a 
"pin hole" free vessel and establishing the proper design and fabrication param- 
eters. Since only a limited amount of development data have been reported in 
this area, the program had three main areas of effort: Phase I, design of a 
vessel suitable for the electroforming process and definition of the process to 
be used to fabricate the vessel; Phase II, fabrication of a 51 -inch -diameter 
spherical pressure vessel to verify the design and process procedures developed 
under Phase I; and Phase III, testing of the fabricated vessel to verify that design 
and process requirements had been met. 

TECHNICAL DISCUSSION 
Phase I - Design 

Nickel electroforming is defined as the "production or reproduction of 
articles by electrodeposition upon a mandrel or mold that is subsequently sepa- 
rated from the deposit. " 

Electroforming is accomplished by placing the mandrel or article that is 
to be electroformed in an electrolyte solution. Nickel anodes are placed in the 
electrolyte in an arrangement that will produce the desired metal distribution 
over the mandrel. A direct current is passed between the nickel anodes and the 
mandrel which functions as the cathode. The electric current frees nickel 
cations at the anode, which then recombine as elemental nickel at the cathode. 
The electric current is maintained until the desired wall thickness of nickel 
has been produced. 
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Several parameters which affect the electroforming process must be 
carefully considered. These parameters are: 

1. Part Design 

2. Mandrel Design 

3. Current Distribution 

4. Bath Agitation 

5. Bath Chemical Composition 

6. Plating Parameters 

a. Ph 

b. Temperature 

c. Current Density 

d. Plating Stress 

Vessel Design. Design loads and compatibility of the vessel with the 
electroforming process were the primary factors considered in the vessel 
design. 


A spherical shape was selected because the primary structural load was 
from the internal pressure. Electroformed nickel is an isotropic material and 
the spherical shape gives the largest volume vessel for a minimum surface area 
and thickness. 

Processing mandrel size and axial symmetry considerations required 
that the vessel be rotated during the electroforming process. The current dis- 
tribution varies somewhat from point to point in the electroforming bath. Since 
the thickness of the deposited material is directly related to the current density, 
rotation of the mandrel was necessary to minimize variations in thickness. As 
a result of the rotation requirement, the fill and drain openings were located 
symmetrically to simplify anode and masking designs. The final vessel design 
is shown in Figure i. 

The maximum stresses expected during proof testing were established 
by a structural analysis which defines the expected thermal and pressure 
stresses for a 51 -inch-diameter spherical pressure vessel as a function of 


3 



FIGURE 1. 51-INCH-DIAMETER SPHERICAL TANK 
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wall thickness. The analysis indicates that the maximum pressure stress can 
be expected at the junction of the port opening and the shell. The stress in 
this area is approximately 2. 5 times the stress predicted by membrane theory. 
The vessel is 0. 060 inch thick in this area, giving a membrane stress of 15 000 
psi. Based on the stress concentration factor of 2. 5, the maximum stress at 
the discontinuity is 37 500 psi. Temperature induced stresses arise from two 
sources: temperature gradients along the wall of the vessel and temperature 
gradients through the wall of the vessel. The maximum thermal stress along 
the wall is 40 000 psi. The maximum temperature stress through the wall is 
58 700 psi. Normally the total stress would be equal to the summation of 
membrane stress and thermal stress; however, in this case these stresses are 
a function of the filling rate, and the maximums will not occur simultaneously. 


The maximum pressure stress cannot be developed until the vessel is 
nearly full of liquid; at that time the wall temperature of the vessel should be 
fairly uniform and the temperature induced stresses minimized. 


The membrane stress in the major portion of the vessel at proof pres- 
sure will be 22 500 psi. This stress level is extremely low for nickel and a 
thinner wall thickness could have been used. The 0. 040-inch wall thickness 
was preferred, however, because of the handling and testing risks involved 
with a first-article vessel. 

The sealing and valve mounting arrangements for the pressure vessel 
during testing are shown in Figure 2. The nickel flange is supported between 
two stainless steel plates having sufficient stiffness to develop the full sealing 
pressures required for cryogenic applications. 

Mandrel Design . Mandrels used in the electroforming process are 
generally classified as permanent or expendable. The distinction is not based 
upon the material from which the mandrel is made but rather on the manner 
in which it is used. The requirement that the mandrel must be removed after 
the electroforming process through two relatively small openings precluded 
the use of a permanent mandrel in this case. Therefore, an expendable mandrel 
was selected which could be removed by etching with dilute hydrochloric acid 
after the electroforming process was completed. The mandrel was made of 
6061 aluminum, a material which could be removed without damaging the nickel 
vessel. The mandrel design is shown in Figure 3. 

Current Distribution . Current distribution in the electroforming bath 
is a function of the plating bath geometry, the masking, and anode placement 
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arrangements. The proper combination of these parameters was established 
from a combined analytical and empirical study. A cross-sectional view of the 
plating tank setup is shown in Figure 4. The mandrel is mounted horizontally 
in the rotating fixture and rotates about a shaft through the center of the man- 
drel. The vessel is located in the electroforming bath with the center shaft at 
the surface of the sulfamate plating solution. The main anode pack is suspended 
beneath the vessel from the horizontal rotator. (The anode pack contains the 
supply of nickel plating anodes. ) 

A uniform thickness over the major area of the vessel was obtained by 
maintaining the ratio of mandrel surface area to anode pack surface area con- 
stant at every point, while keeping a constant distance between the mandrel 
surface and anode pack. The equation below was used to establish the width 
of the anode pack at any point: 

_ 27tR 2 cos 6 

W 0 (R + h) K 

where 

W = width of anode basket at angle 0, in inches 
6 

h = distance between mandrel and anode basket, in inches 
R = radius of mandrel in inches 

K = ratio of anode basket surface area to mandrel surface area. 

The width of the anode basket was established using, h = 8 inches, K = 8 
inches and R = 25. 5 inches. It varied from a maximum of 15 inches at the 
bottom of the mandrel (6 = 0°), to a minimum of 4. 5 inches just below the 
neck of the vessel (6 = 72°). 

The additional nickel thickness required in the neck areas to reduce the 
discontinuity stresses was obtained by using additional auxiliary anodes in the 
neck area as shown in Figure 4. These additional anode baskets were controlled 
on separate direct current rectifiers so that the thickness in this area could be 
controlled independently of the rest of the vessel surface. 

To verify the design concepts of the plating bath geometry, several 
thickness profiles were made to establish the cross section of the electroformed 
deposit. These profiles were electroformed by taping off gore sections on the 
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main part of the mandrel so that the electroformed sections could be removed 
after the plating process without damage to the mandrel. The gore sections were 
then inspected for thickness variations throughout the profile. During these pro- 
file studies it was established that the thickness of the electroformed nickel 
could be measured during the electroforming process by using a Vidi-gage 
ultrasonic thickness tester. The profile studies verified that the desired thick- 
ness could be readily obtained over the major portion of the sphere. However, 
several masking changes were made in the areas of the port openings. This 
was an area of extreme change in curvature on the surface of the mandrel and 
the current distribution was somewhat uneven. The major problem area was at 
the junction of the flange and the neck radius; this area built up at a much slower 
rate than the surrounding areas. Several masking configurations were attempted 
but did not provide sufficient nickel build-up on the radius. The situation was 
finally corrected by mounting four additional single anodes to throw directly 
into the radius. These anodes were mounted on the auxiliary anode baskets. 
These small anodes were each run off a separate current rectifier so that the 
current density could be controlled more accurately. These anodes are shown 
mounted on the auxiliary neck anodes in Figure 5. 



FIGURE 5. SHAPED NICKEL ANODES ON NECK ANODE BASKET 
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Bath Agitation. Proper agitation of the electroforming bath when fabri- 
cating pressure vessels is extremely important. Pitting and pinhole effects 
can be greatly reduced by obtaining the proper bath agitation for the electro- 
forming process. Agitation was obtained by pumping the plating solution through 
a spray tube mounted along the edge of the main anode basket. The resulting 
spray then impinged directly upon the plated surface of the mandrel as the vessel 
rotated in the plating solution. Agitation in the neck areas was provided by 
pumping the solution up through piping at the top of the rotator, from where it 
impinged on an area directly above the neck of the vessel. These bath agitation 
techniques proved adequate for the electroforming process. 

Bath Chemical Composition. The electroforming bath selected was a 
standard sulfamate nickel plating solution, typical of a bath that would be used 
when producing any heavy wall electroform. The bath had the following chemical 
composition: 


Nickel 8. 31 oz/gal. 

Nickel chloride 0. 38 oz/gal. 

Boric Acid 4. 94 oz/gal. 

The chemical composition of the electroforming solution was monitored through- 
out the plating process by daily chemical analysis for the three major consti- 
tuents of the bath. 

Plating Parameters . The mechanical properties of an electroformed 
nickel deposit can be varied by changing the plating parameters of the electro- 
forming bath. The most significant parameters are (i) hydrogen ion concentra- 
tion, (2) bath temperature, (3) current density, and (4) plating stress. Proper 
combination of these plating parameters can produce nickel with such widely 
varying properties as an ultimate tensile strength of 200 000 psi with an elonga- 
tion of 3 percent, to an ultimate tensile strength of 50 000 psi with an elongation 
of 15 percent. As the vessel fabricated under this program was designed for a 
cryogenic environment, it was desirable to have an elongation in the wall of at 
least 10 percent in 2 inches. To establish the proper combination of plating 
parameters to obtain the 50 000 minimum yield strength and a 10 percent 
elongation in 2 inches, several tensile panels were plated under varying con- 
ditions. The desired mechanical properties were obtained from a sulfamate bath 
operating at the following conditions: 
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3. 0 to 3. 7 


pH 

Temperature 100° F 

Current Density 20A/ sq ft 

Plating Strength 5000 to 10 000 psi (tensile) 

Each of the plating parameters was monitored throughout the plating process to 
insure that the deposited nickel would have the required mechanical properties. 

Phase 1 1 - Fabrication 


Under Phase II of this program a 51-inch-diameter spherical pressure 
vessel was electroformed to the design requirements and process specifications 
developed under the Phase I studies. 

Electroforming Mandrel. The mandrel was fabricated by spinning two 
aluminum hemispheres and welding them together on an aluminum center shaft. 
During the welding process considerable shrinkage occurred at the weld joint, 
leaving this area of the vessel below the desired contour. This surface devia- 
tion was repaired with an aluminum filled epoxy resin capable of curing at room 
temperature. The surface was prepared for electroforming by painting with 
a primer, and then coating with a silver oonductive paint. The completed 
mandrel, ready for electroforming, is shown in Figure 6. The mandrel is 
shown on the horizontal rotator with the main anode basket and auxiliary 
neck anodes mounted in place. 



FIGURE 6. COMPLETED MANDREL 
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Electroforming . During the electroforming process the mandrel was 
rotated in the nickel sulfamate bath. The chemical composition of the bath was: 

Nickel 8. 3i oz/gal. 

Nickel Chloride 0. 38 oz/gal. 

Boric Acid 4. 94 oz/gal. 

The following plating parameters were maintained throughout the plating 
process: 


pH 

Current density 
Bath temperature 
Plating stress 


3. 0 to 3. 7 
8 to iOA/sq ft 
100 to 160° F 

5000 to 10 000 psi (tensile) 


Tensile panels were plated before and after the electroforming of the vessel to 
establish that the electrodeposited nickel was meeting the design requirements 
Tensile test specimens were prepared from these panels in accordance with 
ASTM-E8. Test results are presented in Table I. The average properties of 
these specimens were: 


Ultimate tensile strength 
Yield strength (0.2 percent offset) 
Elongation (2-inch gage length) 
Modulus of elasticity 


81 160 psi 
56 400 psi 
13. 5 percent 
21.7 x 10 6 psi 


Since the tensile specimens had shown that the nickel deposit was meeting design 
requirements, the vessel, rotator and anode pack were placed in the electro- 
forming bath. The electroforming process lasted approximately 120 hours. At 
various times during this period it was noticed that small pits developed on the 
surface of the nickel. If allowed to continue, the pits might have penetrated the 
wall of the completed vessel. Therefore, these areas were repaired during the 
electroforming process. A small local area around the pit was dried and then 
the pit coated with Du Pont conductive paint number 4929. The conductive paint 
was dried with a heat gun and plating immediately resumed. This technique 
appeared to work very well giving a continuous nickel layer over the area as 
soon as electroforming was resumed. The surface was observed continuously 
throughout the electroforming process and repairs made as soon as possible 
after a defect was noted. 
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TABLE I. NICKEL ELECTROFORMED SPHERE TENSILE TEST PANELS 
PLATED BEFORE AND AFTER THE VESSEL 


Specimen 

Ultimate 

Tensile 

Strength 

psi 

u 

Elongation 
in 2 Inches 
percent 

Modulus 

of 

Elasticity 

psi 

Before Plating 

-1 80 000 

54 900 

13. 0 

20.7 x10 s 


-2 80 800 

61 200 

14.0 

21. 5 x 10 s 


-3 80 600 

55 800 

13. 0 

22.4 x 10 s 


-4 80 200 

54 800 

13. 5 

21.9 x10 s 


-5 79 200 

55 300 

14. 0 

22. 0 x 10 s 

Average 

80 160 

56 400 

13. 5 

21.7 x 10 s 

After Plating 

-1 70 400 

45 900 

13. 0 

22.2 x 10 s 


-2 93 300 

64 800 

10. 5 

21.9 x 10 6 


-3 95 800 

68 200 

9.0 

22.3 x 10 s 


-4 75 100 

49 700 

13. 5 

22.1 x 10 s 


-5 73 100 

47 500 

14.0 

22. 8 x 10 s 

Average 

81 540 

55 220 

12. 0 

21.8 x 10 s 


The electroformed vessel is shown in Figure 7. Other possible methods 
of preventing or repairing the surface pitting are (i) burnishing the surface dur- 
ing the electroforming process, and (2) soldering or welding after completion 
of electroforming. It is believed that pits were started by fine particles of 
dust which settled on the surface of the plated nickel during the electroforming 
process. This problem could be completely eliminated on a production basis 
by electroforming in a clean room or by submerging the entire surface of the 
vessel in the plating solution. 

After electroforming the vessel was sanded to a light polish with 180 
grit paper to smooth the surface and improve appearance. Visual inspection of 
the surface revealed a few small surface pits; the integrity of the shell was 
verified, however, in later proof and helium test operations. 

A second tensile panel was plated after electroforming of the vessel to 
verify that the electroforming bath was still depositing nickel which met the 
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FIGURE 7. ELECTROFORMED NICKEL SPHERE 


design requirements. The average mechanical properties obtained from speci- 
mens cut from this panel were: 


Ultimate tensile strength 
Yield strength ( 0. 2 percent offset) 
Elongation ( 2-inch gage length) 
Modulus of elasticity 


81 540 psi 
55 220 psi 
12 percent 
21. 8 x 10 e psi 


Test results for each specimen are presented in Table I. 


Mandrel Removal. Removal of the aluminum mandrel after electro- 
forming was accomplished by etching in a hydrochloric acid solution (15 percent 
HCL by volume) . Reaction rate was controlled by varying the depth of the 
vessel in the etching solution. After the aluminum was completely removed, 
the epoxy primer and conductive paint, used to repair the contour, were re- 
moved by rotating the vessel horizontally with a mixture of fine gravel and high- 
strength paint remover on the inside. The entire vessel was then rinsed several 
times with distilled water. 
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Thickness Profile . The thickness profile was established after the man- 
drel was removed by using a Vidi-gage ultrasonic thickness tester. The Vidi- 
gage was calibrated using samples of electroformed nickel of known thickness. 
The resulting thickness profile is shown in Figure 8. 

The wall thickness of the vessel proper varied between 0. 044 and 0. 052 
inch. The taper necessary to produce the reinforced area started in the proper 
area and built up to 0. 095 inch, 0. 020 inch above the expected maximum of 0. 075 
inch. The reinforced area was covered by the neck auxiliary anode baskets 
which made it very difficult to obtain Vidi-gage readings during the plating proc- 
ess. Consequently, plating was permitted to continue longer than required to 
assure an adequate thickness in this high stress area. 

The radius between the flange and the neck was thinner than the surround- 
ing areas but should be of adequate thickness for the prototype vessel. The 
0. 5-inch radius was difficult to build up, as the nickel tended to distribute itself 
on either the neck or flange. 

Final Assembly . Final assembly of the vessel included mounting the 
flange supports in place and drilling and trimming the nickel flanges to size. 

The fill, drain and pressure relief valves were mounted on the outer flanges, 
using stainless steel pipe fittings wrapped with Teflon thread tape. The values 
can be mounted and welded as required for cryogenic testing at MSFC. The 
completed vessel, ready for qualification testing, is shown in Figures 9 and 10. 


Phase 1 1 1 - Testing 

The purpose of the Phase III testing was to insure that the vessel met 
the specific design requirements. Testing included (1) tensile testing of 
specimens to establish mechanical properties attained in the primary structure 
(2) hydrostatic proof testing of the vessel at 70 psig for 15 minutes and (3) heli- 
um leak testing at 15 psig to determine the average permeability rate. 

Tensile Testing . The size of the electroformed vessel fabricated 
precluded electroforming tensile specimens simultaneously with the vessel 
during electroforming process. Tensile test panels were therefore plated 
before and after the vessel was electroformed. The mechanical properties of 
the vessel were then assumed to be within the range of those obtained with the 
test panels. 
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Five tensile specimens were prepared from each test panel for testing 
in accordance with ASTM-E8. The specimens were tested in a Riehle tensile 
testing machine. The design requirements, and the properties of the test 
panels were as follows: 


Property 

Design 

Requirement 

Panel Plated 
Before the Vessel 

Panel Plated 
After the Vessel 

Ultimate Tensile Strength 
(psi) 

80 000 

80 160 

81 450 

Yield Strength (2 percent 
offset) (psi) 

50 000 

56 400 

55 220 

Elongation (2 -inch gage 
length) (percent) 

10 

13. 5 

12 


Specific data from each test are presented in Table I. 

Hydrostatic Proof Test. Hydrostatic proof testing was accomplished by 
assembling the vessel with the flange gaskets, fill and drain fittings, and replac- 
ing the pressure release valve with a pressure gage. The vessel was then 
pressurized with water to 70 psig. The fill and drain valves were closed and 
pressure maintained for 15 minutes. A pressure versus time curve for this 
test is shown in Figure 11. After 15 minutes at 70 psig there was no drop in 



FIGURE 11. HYDROSTATIC PROOF TEST - PRESSURE VERSUS TIME 
51 -INCH-DIAMETER NICKEL SPHERE 
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pressure, and the vessel was vented. The hydrostatic proof test verified that 
all components of the vessel could withstand the design proof pressure of 70 
psig. 
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Helium Leak Test. A helium leak test was performed to determine the 
average permeability rate of the vessel. An initial test was made by pressuriz- 
ing the vessel internally with helium to 20 psig and then using a helium leak 
sniffer to establish the leakage rate. The entire surface area was checked and 
no evidence of a leak was found. The sensitivity of the tester was i. 5 x iO -io 
std/cc/sec. The flange seals were also tested; one was leaking at a rate of 
6 x 10 -6 std/cc/sec and the other at 4. 5 x 10~ 7 std/cc/sec. The Teflon-stainless 
steel Flexitallic seals used during this test were then replaced with standard 
rubber flange gaskets. These gaskets sealed the flange area somewhat inside 
that area which was sealed by the Flexitallic flange gaskets. The entire vessel 
was then sealed in a polyethylene bag. The helium sniffer was inserted at the 
top of the bag and the vessel tested for two hours. The maximum leak rate 
measured during this time was 4. 5 x 10 -8 std/cc/sec. This rate included the 
flange seals and the entire surface area of the sphere. 


CONCLUSIONS AND RECOMMENDATIONS 


The feasibility of manufacturing cryogenic pressure vessels by the 
nickel electroforming process has been successfully demonstrated. A one-piece 
spherical pressure vessel was designed and fabricated from electrodeposited 
nickel. The vessel has met design requirements, and passed hydrostatic proof 
test and helium tests for permeability of the vessel wall. The vessel has been de- 
livered for further cryogenic testing. Fabrication and testing of the 5i -inch- 
diameter vessel has proven the feasibility of the electroforming process and 
satisfactorily demonstrated the following: 

1. A continuous, nonporous nickel wall can be fabricated. 

2. Small pin holes that appear during the electroforming process 
can be located and successfully repaired during electroforming. 

3. The aluminum mandrel can be etched out without damage to the 
vessel after electroforming has been completed. 

4. Changes in wall thickness can be made by proper anode and masking 
design to provide reinforcement of high load areas, without secondary 
bonding and welding to the vessel. 
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5. Port openings and reinforcements can be electroformed simul- 
taneously with the primary structure of the vessel, eliminating 
a need for secondary welding. 

6. The thickness of the electroformed structure can be monitored 
throughout the platirfg process with the use of a Vidi-gage 
ultrasonic thickness tester. 

Although it has been shown that pin holes and surface defects can be 
repaired successfully during electroforming process, it would be desirable to 
eliminate, or at least minimize, the need for such repairs. In several cases 
it was noticed that the pin holes were started by specks of dust falling on the 
surface of the sphere during the plating process. This problem could be 
solved by either plating in a tank large enough to submerge the entire surface 
of the sphere in the plating solution or in a clean room atmosphere. 

Although the feasibility of electroforming cryogenic pressure vessels 
has been demonstrated, it is realized that the low tensile strength of the nickel 
combined with the high density, yields a low strength-to- weight ratio vessel. 
However, it has been shown during this program that the properties of the 
electrodeposited nickel can be varied over a large range by proper combination 
of the plating parameters. An example is shown in Figure 12, which presents 
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FIGURE 12. VARIATION OF NICKEL PROPERTIES AS A FUNCTION 
OF BATH TEMPERATURE 
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the mechanical properties of electrodeposited nickel plated in a sulfamate plating 
bath as a function of the bath temperature. It can be seen that tensile properties 
were obtained varying from about iOO ksi to 200 ksi and elongations from 3 to 8 
percent, depending on the plating temperature. These data indicate that it should 
be possible, with further study, to produce an electroformed structure that has 
strength-to-density ratios approximately equal to other common pressure vessel 
materials; a target value might be 0. 6 x i0 6 inches. 

References to anode pack locations and sizes as well as basic design 
information are included in Electro-Optical Systems, Inc. , Final Report 
6951 dated 30 June 1966. 
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